New Sr 5 Os 3 O 13 , as synthesized from binary constituents, exhibits several uncommon features. Its crystal structure is dominated by quasi-2D poly-oxoanions that correspond to unprecedented cutouts of the perovskite type of structure, where corner sharing (OsO 6 ) octahedra aggregate to form terraced slabs.
Introduction
Sr 2 RuO 4 and Sr 2 IrO 4 , adopting the K 2 NiF 4 type of structure, continue to be in the focus of solid state research as they represent prototypic systems displaying particular electronic structures giving rise to unconventional superconductivity in the ruthenate 1 or to a Mott insulating state in the strong spinorbit interaction limit with a J = layered alkaline earth oxido-osmates have been encountered. Herein, we report on a first example of a 2D oxido-osmate anion, which, however, does not correspond to the planar tetragonal arrangement as found for the K 2 NiF 4 type of structure, and further layered perovskite derivatives. Instead, strongly corrugated, less dense slabs are encountered. The title compound shows mixed valency with respect to osmium. Based on valence sums, calculated according to the bond length/bond strength concept, 10 and calculations of the partial MAPLE values (MAPLE = Madelung Part of Lattice Energy), [11] [12] [13] we suggest an assignment of oxidation states 5+ and 6+ to the respective Wyckoff sites. Crystal structure refinements on data collected at different temperatures have revealed a singular feature, namely, that the charge distribution varies continuously with temperature. This behavior is reflected by magnetic susceptibility, as well.
Experimental
Synthesis and crystal growth Single crystals of Sr 5 Os 3 O 13 were obtained from the same starting materials, while applying a substantially different procedure. A physical mixture of SrO 2 and SrO was placed in a corundum crucible, and OsO 2 in a separate one; both these crucibles were put on the top of each other in a quartz ampoule, which was subsequently evacuated and sealed. Using the same heating treatment as for the pellet (see above), high quality crystals were grown in the crucible containing the strontium oxides. Slow gas phase transport of osmium oxide was accomplished via in situ formed volatile OsO 4 . The reaction products were harvested and handled in a glove box. The black blocks of Sr 5 Os 3 O 13 obtained from the crystal growth experiment were collected and washed with ethanol several times.
Powder X-ray diffraction and X-ray single crystal structure determination Laboratory powder X-ray diffraction (PXRD) (Fig. 1 ) studies at RT were performed using a HUBER G670 imaging plate Guinier camera with Cu-Kα 1 radiation (λ = 1.5406 Å), covering a 2θ range of 5-85 degrees. Rietveld refinements were carried out with the program TOPAS-4.2.0.2 (AXS).
14 The refined parameters were scale factor, zero point of θ, sample displacement (mm), background as a Chebychev polynomial of 20th degree and 1/x function, crystallite sizes, micro-strains, cell constants, atomic coordinates and thermal parameters; for more details, see the ESI (Tables SI-1 and SI-2 †) . Crystals of Sr 5 Os 3 O 13 , suitable for single-crystal X-ray diffraction, were selected and mounted on a thin glass fiber. Diffraction data were collected at 295, 200, 100 and 50 K using a Bruker SMART APEX-II CCD X-ray diffractometer (Bruker AXS, Karlsruhe, Germany), equipped with an N-Helix lowtemperature device (Oxford Cryosystems, United Kingdom). 15 The high temperature measurement at 500 K was performed on another crystal using a SMART APEX-I diffractometer (Bruker AXS, Karlsruhe, Germany) with a Cryostream700
Plus cooling device (Oxford Cryosystems, Oxford, United Kingdom, 80-500 K). Both diffractometers used Mo-K α radiation. The reflection intensities were integrated with the SAINT subprogram in the Bruker Suite software package, 16 and a multi-scan absorption correction was applied using SADABS. 17 The crystal structures of Sr 5 Os 3 O 13 , at different temperatures, were solved by direct methods and refined by full-matrix least-squares fitting using the SHELXTL software package. 18, 19 The crystal data, and details of data collections and refinements are given in Table 1 . Determination of the true lattice basis was challenged by sets of extremely weak superstructure reflections. A first routine type data collection resulted in a unit cell with a = 14.1830(5), b = 7.0846(2), and c = 5.54143(2) Å, at room temperature (cell 1). However, the crystal structure refinement (space group Pbam) produces physically unreasonable anisotropic displacement parameters and implausible bond lengths. A second data collection applying longer exposure times indeed revealed commensurate superstructure reflections requiring doubling of the c-axis (new b-axis with setting cell 2 according to the transformation of lattice base vectors as a 2 , b 2 , c 2 = a 1 , 2c 1 , b 1 ; see Table 1 ). These weak superstructure reflections disappear upon heating, and the diffraction data, obtained at 500 K, can be indexed by using cell 1. The anisotropic displacement parameters obtained from the latter data set are high, but still physically meaningful (see Fig. 2(a) ). The transformation of the atomic coordinates from cell 1 into cell 2 corresponds to x 2 , y 2 , z 2 = x 1 , 1 2 z 1 , y 1 . Due to symmetry reduction, atomic positions referring to cell 1 split accordingly to x, y, z and −x, y, −z (see Table 2 , cell 1 and cell 2). The results of respective refinements based on cell 2 (space group Pnma) appear to be much more reliable for the room temperature data (see Fig. 2(b) ). Nevertheless, there is still some peculiar anisotropic thermal motion of the oxygen atoms left, which cannot be resolved by further reducing symmetry (space group Pn2 1 a), considering twinning or not. For this reason, and because a pronounced feature in magnetic susceptibility evolves at ∼170 K, further data collections were performed at 200, 100 and 50 K. Careful analyses of the diffraction data revealed a second set of very few and extremely weak additional scattering features, which would require to approximately tri-or quadruplicate the c-axis, with respect to cell 2. Unfortunately, the diffuseness of these reflections did not allow their inclusion in a refinement of a commensurate lattice. Even so, neglecting this diffuse scattering has resulted in a reasonable crystal structure refinement with physically meaningful anisotropic displacement parameters throughout, and no further splitting of atomic sites was observed down to 50 K (see Table 2 and Fig. 2(c) ).
Physical characterization
Thermogravimetric (TGA) analysis of Sr 5 Os 3 O 13 was carried out on a Netzsch STA 449 C analyzer. The sample (≈20 mg) was placed in a corundum crucible, which was heated and subsequently cooled at a rate of 5 K min −1 in the range of 25-1000°C under dynamic Argon flow. Magnetization was measured in fields up to μ 0 H = 7 T using a MPMS-XL7 magnetometer (Quantum Design). The susceptibility of Sr 5 Os 3 O 13 was slightly dependent on fields, indicating the presence of ferromagnetic impurity. The data were corrected applying the Honda-Owen approach (extrapolation of χ(1/H) to 0). Electrical resistivity was determined on powders pressed in a sapphire die cell with Pt contacts using the van der Pauw method and direct current. Heat capacity was measured by a relaxation method (HC option, PPMS, Quantum Design).
Results and discussion

Synthesis and chemical properties
Black, air-stable microcrystalline powders and single crystals of new Sr 5 Os 3 O 13 were obtained from stoichiometric amounts trality, the new osmate shows mixed-valency with an average oxidation number of 5.33+ for osmium. According to TGA, the title compound is at least stable up to 800°C; for the figure of TGA/DTA, see the ESI ( Fig. SI-1 †) .
Crystal structure description
The crystal structure of Sr 5 Os 3 O 13 was determined from singlecrystal X-ray diffraction data, collected at 500, 295, 200, 100, and 50 K. A structural phase transition was observed to occur in the temperature range of 295-500 K. Sr 5 Os 3 O 13 adopts two closely related crystal structures: (1) space group Pnma (no. 62), Pearson code oP84, Z = 4 at room temperature and below, and (2) space group Pbam (no. 55), Pearson code oP42, Z = 2 at 500 K. Osmium is in approximately octahedral coordination by oxygen. The primary building units OsO 6 are linked via common vertices, engaging three each from the Os2A and Os2B, and four from the Os1 centered coordination polyhedra, to form plate-like poly-oxoanions of composition Os 3 O 13 , extending parallel to (001) (see Fig. 2 and 3) . The local connectivity pattern is visualized in Fig. 4 . Interestingly, the resulting anionic partial structure corresponds to a slab excised from the perovskite structure; however, in contrast to known perovskite related layered structures, as represented by e.g. Fig. 2 and 3 ). The height of the stages equals the length of one OsO 6 octahedron. The similarity to the perovskite pattern even comprises the strontium atoms, as 
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This journal is © The Royal Society of Chemistry 2018 is highlighted schematically in Fig. 2(d) and 5. The mutual orientation of the layered Sr 5 Os 3 O 13 assemblies, however, does not follow the periodicity of the basic perovskite structure; by contrast, adjacent slabs are related by a (011) symmetry operation, which follows the descriptive approach of "chemical twinning". 22, 23 The composition of the title compound can be easily rationalized considering the connectivity pattern as described: cleaving a regular "Sr 3 Os 3 O 9 " perovskite to generate the linkages of OsO 6 octahedra as encountered in the title compound and completing all coordination polyhedra of osmium would leave eight oxygen atoms per formula unit in a non-bridging function. Thus, four (or 8/2) more oxygen atoms are required, while interrupting part of the strontium sublattice entails inserting two more Sr atoms; taken together, this results in a composition of Sr 5 Os 3 O 13 .
In Fig. 2 , we illustrate the structural changes occurring along with charge ordering. The phase transition proceeds diffusionless, and the structural relaxation mainly consists of slight shifts of the oxygen atoms, resulting in combined tilting and breathing motions of the OsO 6 octahedra. The slabs labelled (a), (b) , and (c) represent the refinement results obtained at 500 K, 295 K, and 50 K, respectively. The amplitudes of anisotropic thermal motion of the oxygen atoms are large at 500 K (cell 1), while the structure "locks in" at lower temperatures ((b) and (c) in Fig. 2 ). Front and back stacked octahedra are no longer superimposed, meaning that the octahedra are slightly rotated around the b-axis (viewing direction, Fig. 2, left) . In addition, they slightly turn out of the a-c plane. The reorientation pattern of the corner-sharing OsO 6 octahedra thus corresponds to a two-tilt system with rotations of about ±5°in both directions.
From the overall composition follows that the title compound is mixed-valent with respect to osmium. Formally, two distributions of oxidation states would apply, 2 × Os 6+ /1 × Os 4+ or 2 × Os 5+ /1 × Os 6+ , where the latter appears to be more plausible because of the smaller spread of charges. In general, metal oxygen bond lengths would allow for suggesting a charge distribution. However, in the present case, the varying numbers of coordinating oxygen atoms in different structural functions-bridging or terminal-obscure the effect of charge differences among the osmium atoms. Moreover, the ionic radii 24 for Os 5+ and Os 6+ differ by just 0.03 Å for coordination number VI. Still, the average Os-O bond lengths (50 K data), amounting to 1.96, 1.95, and 1.92 Å for Os1, Os2A, and Os2B, respectively, are in the same range as reported in the literature, [6] [7] [8] [9] and comply with the sum of the ionic radii. 24 However, based on atomic distances ( 
25-29
The results of our calculations confirm that the structure models are electrostatically consistent within the framework of the MAPLE concept (Table 4) charge distributions over the three osmium sites indicated a more pronounced differentiation in charges in the sense of enhanced charge ordering below 200 K compared to the structure models refined using the 295 and 500 K data, respectively (Table 4) . Taking into account all these factors we conclude that Os1 carries a formal charge of +5 within the full temperature range studied. The atomic parameters resulting from refinements based on intensity data collected at 200, 295 and 500 K reflect an equal charge distribution on osmium sites Os2A, Os2B, and Os2, respectively, where an average charge of +5.5 yields the best charge distribution model. At 50 and 100 K, Os2A and Os2B apparently "disproportionate", with Os2B approaching +6 and Os2A +5. Even considering the limitations of the MAPLE concept and the slight deficiency in the crystal structure determination, these results suggest assigning an oxidation state of 5+ to Os1 below and above 
Magnetic and thermal properties
The thermally quite stable title compound, Sr 5 Os 3 O 13 , is a semiconductor displaying a resistivity of about 10 Ωcm under ambient conditions and a significant band gap of approximately E a = 130 meV as obtained from an Arrhenius type fit of the high temperature regime only. The full range temperature dependence of electronic conductivity can be fairly fitted by applying the variable range hopping model (see Fig. 6 ). Against this background, it appears adequate to analyse the magnetic properties in terms of basically localized magnetic moments. The χ(T ) trace (Fig. 7) shows a pronounced indication for the onset of antiferromagnetic (afm) ordering at T (Néel) = 170 K, which is reflected by a respective feature in the specific heat (Fig. 8) , as well. However, the paramagnetic branch of χ(T ) above T N shows an atypical behavior. Falling below the expected hyperbolic trend, the paramagnetic response appears to be suppressed, and only above about ∼340 K it approaches values and a track that would allow one to apply the Curie-Weiss law. This observation suggests that on average the contributing local magnetic moments vary with temperature, which would parallel the continuous process of charge ordering as observed via the structural evolution with temperature. For an apparently concomitant evolution of the magnetic ground state with temperature we see three possible explanations: (1) the temperature dependent charge distribution is not restricted to a fixed ratio of Os 5+ and Os 6+ , but may include varying shares of Os 4+ , (2) the splitting of d states as affected by a ligand field, spin-orbit coupling and Hund's would result in ideal octahedral coordination, where the t 2g levels on their part may split due to strong spin-orbit coupling into partly filled j = 3/2 and empty j = 1/2 shells, while alternatively for Os 5+ , in the sense of a high spin arrangement, all t 2g orbitals can be occupied by a single electron, as well. Further considering the actually low symmetry of the ligand fields, it is obvious that the resulting term schemes will be quite complex, which would principally admit an explanation according to (2). From the crystal structure it is evident that there is a range of competing magnetic exchange paths, and thus magnetic ordering may occur at different temperatures for the different substructures, and thus explanation according to (3) may be valid as well. Evidently, for solving this puzzle, follow-up experimental studies are required, in the first place high resolution electron spectroscopy and neutron diffraction, which in addition would be quite suited to shed more light into the charge ordering processes.
Conclusions
Sr 5 Os 3 O 13 , which was prepared by reacting the binary constituent oxides in sealed quartz ampoules, constitutes another member of perovskite derived multinary oxides. An (Os 3 O 13 )
10− polyanion evolves a singular connectivity pattern of octahedra, resulting in quasi-2D corrugated slabs. Similar to comparable multinary oxides of 5d transition elements, the electronic properties of the new mixed-valency oxide are controlled by an intricate interplay of the local effects of ligand field splitting, spin-orbit coupling and Hund's coupling, which are energetically in the same order of magnitude, and in addition by collective phenomena of charge, spin and orbital ordering. Noteworthy, the charge ordering within the title compound appears to occur over a wide temperature range, which is a rare observation. Against this background it is well understandable that complex ordering processes take place and that it is difficult to unambiguously reveal the electronic and magnetic groundstates. The qualitative explanations discussed need to be confirmed experimentally, using state of the art diffraction techniques and spectroscopy.
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